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ABSTRACT 

Metal ions are essential for DNA polymerase and 
RNase H activities of HIV-1 reverse transcriptase 
(RT). RT studies are routinely performed at 6-8 mM 
Mg 2+ , despite the fact that the in vivo concentration 
might be as low as 0.2 mM: We studied the influence 
of MgCI 2 and ATP, which likely binds a significant 
fraction of the magnesium pool in vivo, on the DNA 
polymerase and RNase H activities of HIV-1 RT, its 
inhibition by nucleoside RT inhibitors (NRTIs) and 
primer unblocking by AZT-resistant RT. At low Mg 2+ 
concentration, reverse transcription of a natural 
template strongly increased despite a dramatically 
reduced intrinsic polymerase activity under such con- 
ditions. Low Mg 2+ concentrations affected the RNA 
stability and indirectly decreased its degradation by 
the RNase H activity. The reduced RNA degradation 
prevented premature dissociation of the template and 
primer strands that otherwise generated dead-end 
DNA products. In addition, low Mg 2+ dramatically 
decreased the incorporation of NRTIs into DNA and 
increased nucleotide excision by AZT-resistant RT. 
The latter effect is also most likely owing to the dimin- 
ished cleavage of the fiNA template. Thus, differences 
in the free Mg 2+ concentration between different cell 
types or during the cell cycle might strongly affect 
HIV-1 replication and its inhibition. 



INTRODUCTION 

Reverse transcriptase (RT) is a key enzyme in the life cycle of 
human immunodeficiency virus type 1 (HIV-1) and one of the 
main targets of antiviral therapy [reviewed in (1,2)]. Its DNA 
polymerase and RNase H functions are essential for synthesis 



of the pro viral DNA (1). Both the catalytic sites bind metal 
ions (most likely Mg 2+ in vivo). Two Mg 2+ ions separated by 
~3,6 A have been observed in the polymerase active site of RT 
in complex with a primer/template DNA duplex and an incom- 
ing nucleotide (3). The three aspartate residues that bind Mg 2+ 
(DUO, D185 and D186) and the metal ions themselves are 
essential for DNA synthesis (4,5). Divalent metal ions are also 
essential for HIV-1 RNase H activity (6), but the number of 
ions involved in the RNA cleavage reaction is still unclear [(7^) 
and references therein]. Two Mn 2+ ions separated by ~4 A 
have been observed in the isolated HIV-1 RNase H domain 
(8), whereas only one Mg 2+ ion was seen in the RNase H 
domain of RT bound to a DNA duplex, in the presence of 
an incoming dNTP (3). However, the recent crystal structures 
of wild type (wt) and catalytically inactive bacterial RNase 
H complexed with RNA/DNA hybrids showed that the four 
carboxylate residues of the catalytic site bind two Mg 2+ ions 
separated by 4.1-4.4 A (9). 

Despite this fact, the influence of the Mg 2+ concentration on 
reverse transcription is not well documented. With homopoly- 
meric RNA templates, HIV-1 RT polymerase and RNase H 
activities were found to be optimal at 3-8 mM and 4—12 mM 
Mg 2+ , respectively (10-13), but the effect of the magnesium 
concentration on reverse transcription of natural RNA tem- 
plates remains largely unknown. RT studies are routinely per- 
formed at 6-8 mM Mg 2+ , despite the fact that the in vivo 
magnesium concentration might be significantly lower: for 
instance, the Mg 2+ concentration is 0.21-0.24 mM in the 
brain (14), ranges from 0.25 to 0.75 mM in blood (15) and 
is 0.24 ±0.03 mM in human lymphocytes, one of the main 
HIV-1 targets (36). In addition, most intracellular magnesium 
is bound to DNA, RNA, dNTP and NTP [of which ATP is 
the most abundant: the intracellular ATP concentration is 
typically between 1.3 and 4.3 mM (16,17)], and the critical 
parameter is likely the concentration of free Mg 2f ions. 

Nucleoside RT inhibitors (NRTIs) constitute one of the 
main classes of anti-HIV drugs [reviewed in (2,1 8)], but little 
is known about the influence of the Mg 2+ concentration on 
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their incorporation efficiency. Since the Mg ions of the 
polymerase active site do not interact with the 3' hydroxyl 
group of the incoming dNTP (3), the Mg 2+ concentration is not 
expected to be a major determinant of the NRTI efficiency. 
However, it was shown that AZTTP and d4TTP require higher 
Mg 2+ concentration than dTTP for optimal incorporation, 
pointing at the importance of this parameter (19). 

As for other antiviral drugs, prolonged treatments with 
NRTls select for mutations in the RT gene that confer resist- 
ance to these nucleoside analogues (2,18). These mutations 
decrease the incorporation of the chain terminators into DNA 
or/and favor primer unblocking by excision of incorporated 
NRTls (20). Both the resistance mechanisms might potentially 
be affected by the magnesium concentration. However, this 
has not been studied to date. 

Here, we studied reverse transcription of a natural RNA 
template, its inhibition by NRTls, primer unblocking by 
AZT-resistant RT, as well as RNase H activity, at different 
magnesium concentrations, in the presence or absence of 
physiological ATP concentration. We found that the concen- 
tration of free Mg 2+ ions has dramatic effects on these reac- 
tions. Thus, differences in the free Mg 2+ concentration 
between different cell types or during the cell cycle might 
strongly affect HIV-1 replication and its inhibition by 
NRTls. In addition, our results have important implications 
for screening and testing of candidate NRTls. 



MATERIALS AND METHODS 

ODN, an 18mer DNA complementary to the primer binding 
site (PBS), was chemically synthesized and 5' end-labeled 
with [y 32 P]ATP and polynucleotide kinase from phage T4. 
The template RNA, encompassing 1-3 1 1 nt of HIV-1 MAL 
genomic RNA, was transcribed in vitro and purified as 
described in (21). A plasmid expressing wt HIV-1 RT was 
kindly provided to us by Dr Torsten Unge (Uppsala, Sweden), 
together with the protocols for protein overexpression and 
purification. RNase H(-) HIV-1 RT bearing the E478Q 
point mutation, AZT-resistant RT bearing mutations D67N, 
K70R, T215F and K219Q, and 3TC-resistant RT bearing 
mutation Ml 84V were purified essentially as described in 
(22). AZTTP, d4TTP and 3TCTP stock solutions were 
obtained from Moravek Biochemicals and treated with 0.5 U 
of pyrophosphatase (Roche Molecular Biochemicals) for 1 h at 
37°C in 100 \H of 50 mM Tris-HCl, pH 8.0, 50 mM KC1, 6 raM 
MgCl 2 and 1 mM DTT, in order to prevent contamination with 
PPi. Pyrophosphatase was removed by filtration through a 
Centricon 10 (Amicon) device. 

Determination of the RT activity on poly(rA) template was 
performed as follows. Poly(rA)/(dT) 18 (500 nM) was extended 
by 25 nM wt RT in the presence or absence of 3 .5 mM ATP and 
1 [iM [ 3 H]dTTP and various MgCl 2 concentrations. Aliquots 
were withdrawn every minute during 5 min and analysed on a 
96 well filtration unit (Mu3tiScreen H Ts Vacuum Manifold; 
Millipore). The fiber glass membranes (Millipore) were pre- 
incubated at 4°C with 100 ^1 of 5% TCA, and the samples 
were further incubated in TCA for 30 min. After filtration, the 
membranes were washed twice with 100 jil ice-cold 5% TCA 
and once with ethanol. The membranes were dried, placed 
into 2 ml of Ecoscint OTM, and radioactivity was counted. 



For each MgCl 2 concentration, the initial velocity (Vj) was 
determined by plotting the amount of incorporated radioactiv- 
ity versus time. 

For ssDNA synthesis, template RNA and 32 P-labeled ODN 
were denatured in water for 2 min at 90°C, chilled on ice and 
incubated at 70°C for 20 min in 50 mM sodium cacodylate 
(pH 7.5) and 300 mM KC1. The annealing efficiency was 
routinely checked by native 8% polyacryl amide gel electro- 
phoresis. The primer/template complex (10 nM final concen- 
tration) and the four dNTPs (50 jllM each) were pre-incubated 
for 4 min at 37°C in 50 mM Tris-HCl pH 8.0, 50 mM KC1, 
1-6 raM MgCl 2 , 1 mM DTE, with or without 3.5 mM ATP, 
AMP, EDTA or EGTA. Reverse transcription was initiated by 
adding 25 nM RT in the same buffer. DNA synthesis was 
stopped at different time intervals by adding an equal volume 
of formamide containing 50 mM EDTA. To study the inhibi- 
tion of reverse transcription by NRTls, DNA synthesis was 
performed in presence of 4 or 5 \xM of AZTTP, d4TTP, 
3TCTP, ddCTP or ddATP. The products were analysed on 
15% denaturing polyacrylamide gels and quantified with a 
Biolmager BAS 2000 (Fuji). 

Two polymerase-dependent RNase H assays were per- 
formed. The first one has been recently described elsewhere 
(23). Briefly, a 5' end-labeled RNA template encompassing nt 
1-47 of HIV genomic RNA (RNA 1-47) was annealed to a 
DNA oligonucleotide (ODN35), and 10 nM of ODN35/ 
RNA 1-47 complex were added to 10 nM wt HIV-1 RT in 
50 mM Tris-HCl, pH 8.0, 50 mM KC1, 1-6 mM MgCl 2 , 
1 raM DTE, with or without 3.5 mM ATP. RNase H cleavage 
was carried out for 15 s to 30 min and stopped by mixing with 
an equal volume of formamide containing 50 mM EDTA. 
Cleavage products were resolved using denaturing 15% poly- 
acrylamide gels and quantified as described above. The cleav- 
age rate constants were determined by fitting the experimental 
data to an exponential equation. In the second assay, we used 
unlabeled ODN annealed to 5' end-labeled RNA1 -3 1 1 , and we 
directly followed cleavage of the RNA template during ssDNA 
synthesis, which was performed as described above. 

RESULTS AND DISCUSSION 

Influence of ATP and Mg 2+ on the RT polymerase 
activity 

The main goal of this study was to examine the influence of 
the free Mg 2+ concentration on reverse transcription of a 
natural RNA template. However, as we expected Mg" + to 
have pleotropic effects on the polymerase and RNase H RT 
activities and on the structure and stability of the RNA tem- 
plate, we first analysed the RT polymerase activity on 
poly(rA), which is devoid of secondary structure. 

We performed steady-state kinetics of reverse transcription 
of poly (r A) at various MgCl 2 concentrations, ranging from 1 to 
10 mM, in the absence and presence of 3.5 mM ATP, which is 
likely the main intracellular Mg 2+ ligand. This ATP concen- 
tration is intermediate between that found in human lympho- 
cytes (4.3 mM) (16) and other human cell lines such as 
H9 cells, macrophages, and unstimulated CD4* or CD8 + 
T cells (1.3-2.2 mM) (17). For each ionic condition, we 
determined the initial velocity (V0 of reverse transcription. 
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Figure 1. Influence of the MgCi 2 concentration on the rate of poly(rA) reverse 
transcription in the absence and in the presence of ATP. Poly(rA)/(dT) 18 
(500 nM) was extended by 25 nM wt RT with I [iM [ 3 HjdTTP at various 
MgCl 2 concentrations, with (closed squares) or without (open squares) 
3.5 mM ATP. For each condition, the initial velocity (V{) was determined 
as described in Materials and Methods and plotted versus the MgCl 2 
concentration. 

For homopolymeric templates, V v is directly proportional to 
the incorporation rate of a single nucleotide. 

In the absence of ATP, V\ was maximum at 1 mM MgCl 2 , 
smoothly decreased as the Mg 2+ concentration increased up to 
10 mM and abruptly decreased below 1 mM MgCl 2 (Figure 1). 
As the stability of RT/nucleic acid complexes is highly sens- 
itive to salts (24), we suggest that the polymerase activity 
decrease above 1 mM MgCl 2 owes to faster dissociation of 
the enzyme as the ionic strength increases. Previous studies 
with HIV-1 RT and homopolymeric RNA also reported 
smooth variations of the polymerase activity between 1 and 
10 mM Mg 2+ , but the RT activity was usually optimum at ~5 
mM MgCl 2 (10,1 1,13). However, most of these studies were 
performed at lower salt concentration than our experiments. 
Thus, higher MgCl 2 concentration was likely required to dis- 
sociate the RT/nucleic acid complexes. In addition, in these 
studies HIV-1 RT was purified from viral particles, and these 
protein samples probably contained Ca 2+ traces (10). Low 
concentrations of this cation strongly inhibit HIV-1 RT and 
shift the apparent Mg" + dependency of the polymerase activity 
to higher concentration (25). Using recombinant HIV-1 RT, 
Tan et al. (25) showed that the optimal MgCl 2 concentration 
for polymerase activity was 1-2 mM in the absence of Ca 2+ 
and 8-12 mM in the presence of ~50 uM Ca 2+ , in good 
agreement with our results. 

The sharp polymerase activity decrease below 1 mM MgCl 2 
is most likely directly linked to binding of the Mg 24 " ions in the 
catalytic site. The RT polymerase site contains two Mg 2 * ions 
when bound to a DNA duplex in the presence of an incoming 
nucleotide (3). One of the Mg 2+ ions (MgJB) is bound to the 
three phosphate groups of the incoming dNTP and to catalytic 
DUO and D 1 85 (3). This ion is brought into the catalytic site by 
the incoming nucleotide, and its tight binding likely prevents 
significant exchange with free NTP and dNTP. The second ion 
(MgA) binds the three catalytic Asp residues and the oc-phos- 
phate of the incoming dNTP. This catalytic ion is not bound in 
the RT polymerase site in the absence of the incoming dNTP 
(26), and a recent study on HIV-1 RT indicated that its asso- 
ciation constant is in the millimolar range (1.5 mM) (19). 
Thus, millimolar concentrations of Mg 2+ ions are required 



Table 1. Influence of the Mg 2+ concentration on the synthesis of (-) strand 
strong stop DNA 
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0.02 


0.1 
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a ([(-) strong stop DNA]/[extended + unextended primer]) x 100. 
Calculated concentration of free Mg 2+ ions in the presence of 3.5 mM ATP. 



to saturate the RT polymerase site, in agreement with our 
experimental data. 

When we studied reverse transcription of poly (r A) in the 
presence of 3.5 mM ATP, V { smoothly decreased between 3 
and 7 mM MgCl 2 and sharply dropped below 3 mM (Figure 1). 
Thus, addition of 3.5 mM ATP shifted the optimal MgCl 2 
concentration from 1 to 3 mM, strongly suggesting that ATP 
is able to compete with the RT polymerase site for the binding 
of Mg 2+ ions. Indeed, the affinity of Mg 2 * is at least one order 
of magnitude greater for ATP (K a = 10 4 05 M" 1 ) than for the 
RT polymerase site (K a = 10 2 82 M~\ see above). In addition, 
the polymerase activity was systematically lower in the pres- 
ence of ATP, suggesting that owing to its large excess, this 
nucleotide might compete with dTTP for the RT catalytic site. 

Influence of Mg 2+ on (-) strand strong stop 
DNA synthesis 

To study the effects of the Mg 2+ concentration on reverse 
transcription of a natural template, we used an RNA encom- 
passing 1-311 nt of HIV-1 genomic RNA (MAL isolate), and 
followed the synthesis of (— ) strand strong stop DNA (ssDNA) 
from a DNA primer bound to the PBS. Reverse transcription 
was performed at MgCl 2 concentrations ranging from 1 to 
6 mM, in the absence and in the presence of 3.5 mM 
ATP. Given the stability of the Mg 2+ /ATP complex 
(AT a = 10 4 ' 05 M" 1 ), we calculated that in the presence of 
3.5 mM ATP, the concentration of free Mg 2+ ions ranged 
from 0.02 to 2.6 mM (Tables 1 and 3). 

In the absence of ATP, synthesis of ssDNA was most 
efficient at 1 mM MgCl 2 , gradually decreased as the MgCl 2 
concentration increased and reached a plateau at 4-6 mM 
MgCl 2 (Table 1). Remarkably, ssDNA synthesis was strongly 
improved in the presence of 3.5 mM ATP (Table 1). Import- 
antly, similar ssDNA levels were obtained at comparable con- 
centrations of free Mg 2+ ions (e.g. at 2 mM MgCl 2 without 
ATP and 6 mM MgCl 2 with ATP, or at 1 mM MgCl 2 without 
ATP and 4 mM MgCl 2 with ATP, see Table 1), strongly 
suggesting that the effect of ATP was due to chelation of 
Mg + . Surprisingly, synthesis of ssDNA was optimal at 
0. 1 mM free Mg and was still very efficient at 20 free 
Mg 2+ (Table 1), in contrast with the polymerase activity meas- 
ured on poly(rA) (Figure 1 ). Similar results were obtained with 
AZT-resistant RT (bearing mutations D67N, K70R, T215F 
and K219Q) and 3TC-resistant RT (bearing mutation 
Ml 84V) (data not shown). 

To confirm that the effect of ATP was due to chelation of 
Mg 2+ ions, we substituted EDTA, EGTA or AMP for ATP 
(Table 2). At pH 8, EDTA binds Mg 2+ ions ^200-fold more 
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Table 2. Influence of ATP, EGTA. EDTA and AMP on the synthesis of (-) 
strand strong stop DNA 
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*([(-) strong stop DNAJ/[ex tended + unextended primer]) X 100. 
Calculated concentration of free Mg 2+ ions in the presence of 3.5 mM ATP, 
EGTA, EDTA or AMP. 



Table 3. Influence of the Mg 2+ concentration on the inhibition of ssDNA 
synthesis by NRTIs 
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a (L( ) strong stop DN A J/[ex tended + unextended primer]) x 100. 
^he calculated free Mg 2+ concentration is 2.6 mM. 
c The calculated free Mg 2+ concentration is 0.1 mM. 
d These experiments were performed with RNase H(-) RT. 



efficiently than ATP {K % = 10 6 ' 43 ), whereas EGTA is a poorer 
Mg 24 " ligand (tf a = 10 l84 ) and AMP does not significantly 
bind Mg 2+ ions (K a = \0 l \ At 6 mM MgCl 2 , ATP, EGTA 
and EDTA significantly increased ssDNA synthesis, while 
AMP did not, in agreement with their chelating capacities 
(Table 2). At 2 mM MgCl 2 , EGTA increased ssDNA synthesis, 
but to a lower extend compared with ATP (Table 2), in agree- 
ment with our previous observation that ssDNA synthesis was 
optimal at ~0.1 mM free Mg 2+ (Table 1). On the other hand, 
no ssDNA synthesis was observed with EDTA, suggesting that 
the very low concentration of free Mg 2+ ions was not sufficient 
to catalyse incorporation of dNTPs (Table 1). Accordingly, 
only very short DNA products were observed under these 
conditions (data not shown). Finally, AMP had very little 
influence on ssDNA synthesis. Taken together, these results 
indicate that the effect of ATP on ssDNA synthesis is mainly 
due to chelation of Mg 2+ ions. 

Looking at both the plateau and kinetics of ssDNA synthesis 
at various MgCl 2 and ATP concentrations, we observed that 
the free Mg 2+ concentration had little effect on the rate of 
ssDNA synthesis: in all cases, ssDNA reached a plateau 
after ~12 min (Figure 2). However, the free Mg 2+ concentra- 
tion strongly affected the value of this plateau (Figure 2 and 
Table 1), suggesting that the RNA structure, rather than the 
intrinsic catalytic efficiency of RT, influenced ssDNA syn- 
thesis. Indeed, unlike poly(rA) and other homopolymeric 




Time (s) 



Figure 2. Influence of MgCl 2 and ATP on ssDNA synthesis. Kinetics ofssDNA 
synthesis at 2 (circles), 4 (squares) or 6 (triangles) mM MgCl 2 , in the absence 
(open symbols) or in the presence (closed symbols) of 3.5 mM ATP. 

RNAs, the 5' region of HIV- 1 genomic RNA fold into several 
stem-loop structures whose stability is Mg 2+ -dependent 
(27,28). 

Influence of Mg 2+ on formation of dead-end reverse 
transcription products 

During ssDNA synthesis, several strong bands corresponding 
to intermediate products appear between the primer and the 
full-length ssDNA (Figure 3). Analysis of the reverse tran- 
scription products indicated that ATP enhanced reverse tran- 
scription of HIV-1 RNA mainly by preventing accumulation 
of these intermediate bands (Figure 3A). At least two classes 
of intermediate products can be distinguished. The first class 
includes the bands (indicated by open stars in Figure 3) that 
decreased over time, even in the absence of ATP: these are 
'true' intermediate products. They were most likely due to a 
transient block of RT by stable RNA structures that were 
ultimately unfolded and reverse transcribed, as previously 
observed (29-31). Expectedly, pausing at these positions 
decreased when the RNA structure was destabilized by lower- 
ing the free Mg 2+ concentration (Figure 3A). 

The second class includes very strong bands (some of 
which are indicated by black stars in Figure 3 A) that did 
not decrease with increasing reaction times, indicating that 
they correspond to abortive (dead-end) products. Interestingly, 
the amount of some of these dead-end products (indicated by 
black stars in Figure 3A), but not all, strongly decreased in the 
presence of ATP, especially at low MgCl 2 concentration. A 
possibility is that, at these positions, the RNA template was 
rapidly cut during a polymerization arrest and dissociated from 
the elongating DNA strand before RT could pass through the 
stop. A low free Mg 2+ concentration could destabilize the 
RNA structure, thus preventing the polymerase block, or/ 
and decrease the intrinsic RNase H activity (Figure 3A, 
right panel). 

RNase H activity and ssDNA synthesis 

To test whether accumulation of dead-end products required 
RNase H activity, we used E478Q RNase H(-) RT. At 2 mM 
MgCl 2 , almost no dead-end product was apparent with this 
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Figure 3. Influence of MgCl^, ATP and RNase H activity on the accumulation 
of intermediate products. (A) PAGE analysis of the products generated by wt 
RT at 2 or 6 mM MgCl 2 , in the absence or in the presence of 3.5 mM ATP. 
Transient (open stars) and dead-end (closed stars) intermediate products are 
indicated, together with the unex tended primer, ssDNA and larger products 
produced by self-priming of ssDNA. (B) PAGE analysis of the products gen- 
erated by E478Q RNase H(-) RT 2 mM MgCl 2 , in the absence or in the 
presence of 3.5 mM ATP. Transient intermediate products are labeled as in 
A. Lanes 1-6 correspond to reverse transcription for 0, 1 , 5* 10, 30 and 60 min. 

mutant polymerase, irrespective of the presence of ATP 
(Figure 3B). As a result, ssDNA synthesis by RNase H(-) 
RT only slightly increased, from 46 to 49%, upon ATP addi- 
tion and was more efficient than with wt RT (compare with 
Table 1). However, transient intermediate products were 
still observed in the absence of ATP (Figure 3B, open 
stars), confirming that transient and dead-end products have 
different origins. The latter ones requiring RNase H activity 
(Figure 3B), we suggest they are generated by rapid cleavage 
of the RNA template during a polymerization arrest, as 
observed by others (32). Cleaved RNA dissociates from the 
elongating DNA strand before RT can pass through the stop. 
A low free Mg 2+ concentration might prevent the polymerase 
block by destabilizing the RNA structure or/and decrease the 
intrinsic RNase H activity. 

To evaluate this hypothesis, we directly tested the influence 
of the MgCl 2 concentration and ATP on the RNase H activity 
of HIV-1 RT. Two modes of RNase H cleavage have been 
described: a polymerase-dependent cleavage (33), directed by 
the 3 ; end of the DNA strand, and a polymerase-independent 
mechanism guided by the 5' end of the RNA template (34). As 
the first mode of cleavage is thought to occur in concert with 
DNA polymerization to degrade the genomic RNA during (— ) 
strand DNA synthesis, while the second may contribute to the 
degradation of larger genomic RNA fragments left after DNA 
3' end directed cleavage, we focussed on the polymerase- 
dependent RNase H activity. During polymerase-dependent 



cleavage, the RT polymerase active site is positioned at the 
recessed 3' end of the DNA strand (Figure 4A). The RNase H 
active site is positioned at ~17 nt from the polymerase active 
site, and its position from the 3' end of the DNA determines 
the position of the primary cleavage. RT then repositions and 
makes a secondary cleavage 7-9 nt from the recessed 3' end of 
the DNA (Figure 4A). 

We first tested polymerase-dependent cleavage using 
RNA1-47 as viral RNA and ODN35 as DNA. In this assay, 
the RNase H substrate is a 35mer RNA/DNA duplex with a 
12 nt RNA overhang that has no predicted secondary structure. 
This assay is performed in the absence of dNTP, so that the 
structure of the substrate cannot be affected by polymerization. 
Thus, this assay reflects the influence of the MgCl 2 concen- 
tration on the intrinsic RNase H catalytic activity. The MgCl 2 
concentration was varied from 1 to 6 mM, with and without 
3.5 mM ATP. Under these conditions, cleavage of RNA1-47 
followed first-order kinetics (data not shown). In the absence 
of ATP, the RNase H rate constant smoothly increased from 
0.86 to 1.43 min -1 when the MgCl 2 concentration decreased 
from 6 to 2 mM, and it slightly decreased (to 1 .23 min -1 ) when 
the MgCl 2 concentration was further reduced to i mM 
(Figure 4B). Surprisingly, the RNase H rate constant followed 
the same trend in the presence of 3.5 mM ATP, and addition 
of ATP in the presence of 1 or 2 mM MgCl 2 had no signifi- 
cant effect on the intrinsic RNase H catalytic activity 
(Figure 4B), in sharp contrast with the polymerization rate 
constant (Figure 1). The most plausible explanation to the 
fact that ATP does not affect the RNase H activity is that 
the RNase H active site has a much higher affinity for 
Mg 2+ ions than ATP, in agreement with recent crystallo- 
graphic studies of a bacterial RNase H in the presence of a 
DNA/RNA substrate (9). 

During ssDNA synthesis, MgCI 2 and ATP might also indir- 
ectly affect RNase H by modifying the stability of the RNA 
template and/or by affecting its refolding during DNA syn- 
thesis (3 1 ,32). Therefore, we directly followed degradation of 
RNA1-31 1 during ssDNA synthesis by using a 5'-labeled tem- 
plate (Figure 4C). At 2 mM MgCl 2 and in the absence of ATP, 
two types of cleavage products were observed. The first cat- 
egory are transient products that appeared early in the kinetics 
and partially or totally disappeared as DNA synthesis pro- 
ceeded (Figure 4C, open stars). Further processing of these 
products during DNA polymerization proves that the RNA 
template did not dissociate from the growing DNA chain at 
these positions. A second class of RNA fragments accumu- 
lated (or at least did not disappear) during DNA synthesis 
(Figure 4C, black stars). At these positions, the cleaved 
RNA template might eventually dissociate from the nascent 
DNA chain, generating dead-end DNA products, as hypothes- 
ized earlier. Interestingly, cleavage of RNA 1 -3 1 1 was strongly 
reduced upon addition of ATP, and the products that accumu- 
lated in the absence of ATP almost completely disappeared, 
with the noticeable exception of the shortest (Figure 4C). 
Since the intrinsic RNase activity is unaffected by ATP at 2 
mM MgCl 2 (Figure 4B), the inhibition of RNase H cleavage 
during ssDNA synthesis is most likely due to the influence of 
the free Mg 2+ ion concentration on the RNA stability, structure 
and/or refolding. 

Taken together, our data explain how reverse transcription 
of RNA 1-3 1 1 increases at low concentration of free Mg 2+ ions 
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(Figures 2 and 3, Tables 1 and 2) despite a strongly reduced 
intrinsic polymerase activity (Figure 1): low Mg 2+ concentra- 
tions affect the RNA stability that indirectly decreases 
degradation of the RNA template by the RNase H activity 
(Figure 4), thus preventing premature dissociation of the 
template and primer strands that otherwise generates dead- 
end DNA products (Figure 3 A). This model is supported by 
the observation that dead-end products are not generated by 
an RNase H(-) RT (Figure 3B). 

The structural motifs present in RNA 1-3 11 are found in 
the 5' region of H1V-1 genomic RNA, and those located 
in R are most likely also present in the 3' region of this 
RNA. Stable RNA secondary structures have also been iden- 
tified in several coding regions of HIV- 1 RNA including 
gag (27,35), pol (36) and env (37,38). Thus, reverse transcrip- 
tion of not only the 5'-untranslated region (5 y -UTR), but also of 
the complete HIV-1 genomic RNA is likely to be strongly 
affected by variations in the free Mg 2+ ion concentration. 
Indeed, since Mg 2+ has a general stabilizing effect on RNA 
secondary and tertiary structures, increased RNase H cleavage 
of the template and dead-end product formation at high 
Mg 2+ concentration should be a general phenomenon, even 
though we cannot predict the number and position of the 
cleavage sites. 



Inhibition of ssDNA synthesis by NRTIs 

In order to test the influence of the free Mg 2+ ion concentrat ion 
on the inhibition of reverse transcription by NRTIs, we com- 
pared ssDNA synthesis in the presence of the triphosphate 
form of FDA-approved NRTIs (3TGTP, AZTTP, ddATP 
the active metabolite of ddl, ddCTP and d4TTP), in the 
absence or presence of 3.5 mM ATP. These NRTIs compete 
with natural dNTPs, are incorporated into elongating DNA by 
HIV-1 RT and induce chain termination because they lack a 
3' hydroxyl group [for review, see Ref. (2)]. 

At 6 mM MgCl 2 , ssDNA synthesis was inhibited by ^85% 
with all NRTIs, except 3TCTP, which was slightly less effi- 
cient (54% inhibition) (Table 3), in agreement with its slow 
incorporation rate (39). The efficiency of these NRTIs slightly 
decreased in the presence of 2 mM MgCl 2 or 6 mM MgCl 2 and 
3.5 mM ATP (Table 3). Remarkably, the NRTI efficiency was 
dramatically reduced in the presence of 2 mM MgCl 2 and 3.5 
mM ATP (Table 3 and Figure 5). At 2 mM MgCl 2 and 3.5 mM 
ATP, ddATP, ddCTP, 3TGTP and d4TTP reduced ssDNA 
synthesis only by 15-38%, while AZTTP remained more effi- 
cient (62% inhibition). In all cases, more ssDNA was synthes- 
ized in the presence of NRTIs at 2 mM MgCl 2 and 3.5 mM 
ATP than in the absence of inhibitor at 6 mM MgCl 2 (Table 3). 
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This was also true when RNase H(-) RT was substituted for 
wt RT, even though the mutant polymerase was more sensitive 
to NRTIs at all Mg 2+ concentrations tested (Table 3). This 
indicates that the effect of ATP on RT discrimination against 
NRTIs is not due to an indirect effect on RNase H activity. 

Kinetics of inhibition of ssDNA synthesis by NRTIs showed 
that the intensity of the bands corresponding to NRTI- 
terminated DNA molecules did not vary over time, indicating 
that once incorporated in the DNA chain, wt RT did not excise 
the nucleoside analogues by a PPi or ATP-dependent mech- 
anism [for a review, see (20)] (Figure 5 and left panel of 
Figure 6A). However, the intensity of the NRTI-terminated 
products strongly decreased with decreasing free Mg 2+ con- 
centration and totally disappeared in the case of 3TCTP. These 
results indicate that HIV-1 RT discriminates more efficiently 
against 3'-deoxynucleoside analogues at low free Mg 2+ con- 
centration and are in line with a recent study by Deval et at. 
(19) showing that the K m of Mg 2+ for incorporation of AZTTP 
and d4TTP is 4-fold higher than that for dTTP. They indicate 
that the in vivo potency of NRTIs might be dramatically lower 
than deduced from in vitro assays performed at high Mg 2+ 
concentration, owing to the low free Mg 2+ concentration 
in several cell types, fluids and organs infected by HIV-1 
(14-16). 



As we looked at the inhibition of ssDNA synthesis by 
NRTIs, NRTI incorporation sites were located in different 
structural contexts: some were in loops or single-stranded 
stretches, whereas others were in stable helices. Despite this 
fact, our data (Figure 5 and data not shown) indicated that 
diminished NRTI incorporation at low concentration of free 
Mg 2+ ions was a general phenomenon, taking place at all sites. 
Hence, increased discrimination against NRTIs at low Mg 2+ 
concentration is most likely independent of the RNA structure. 

To strengthen this conclusion, we studied discrimination 
between NRTIs and dNTPs using a short unstructured DNA 
template corresponding to the PBS and 20 nt 5' of it. In agree- 
ment with previous studies (40), DNA synthesis appeared less 
processive on this DNA template than on RNA, especially at 
very low Mg 2+ concentration. Distributive synthesis prevented 
accurate quantification of the NRTI incorporation at 2 mM 
MgCK when ATP was present. Therefore, we compared dis- 
crimination between NRTIs (d4TTP or ddATP) and the cor- 
responding dNTPs (dTTP or dATP) at 3 and 6 mM MgCl 2 ; 
with or without 3.5 mM ATP. As shown in Supplementary 
Figure 1 and quantified in Supplementary Table 1, adding 3.5 
mM ATP during DNA synthesis had no significant effect on 
discrimination at 6 mM MgCl 2 . However, at 2 mM MgCl 2 , 
ATP increased discrimination between NRTIs and dNTPs by 
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1.5- to 2-fold. Thus, increased discrimination against NRTIs 
was observed both on a structured RNA or an unstructured 
DNA template. Discrimination was more pronounced on 
the RNA template, but this could be linked to the fact that 
higher MgCl 2 concentrations had to be used with the DNA 
template. 

The increased discrimination against NRTIs at low Mg 2 * 
concentration is not trivial to explain, as the two Mg 2+ ions of 
the RT polymerase site interact with the phosphate groups of 
the incoming dNTP, but not with its 3'-hydroxyl group (3) 
(Figure 7). Thus, dNTPs and NRTIs probably bind Mg 2+ with 
similar strength. The crystal structure of RT with a bound 
primer/template and an incoming dNTP showed that the deox- 
yribose and phosphate parts of the dNTP are maintained by 
three networks of interactions: (i) the 3' hydroxyl group of the 
dNTP projects into a small pocket lined by the side chains of 
Dl 13, Yl 15, Fl 16 and Q151 (Figure 7, in blue) and the main- 
chain between 1 13 and 1 15 (Figure 7, blue and purple). It may 




Figure 7. Stereo view of the interactions of the incoming dNTP in the poly- 
merase site of HIV-1 RT. Part of the crystal structure solved by Huang et al (3) 
is shown with the primer and template residues in gray, the core of the incoming 
dTTPin salmon, the two Mg 2 h ions in green, the side chains of Aspl 13, Tyrl 15, 
Phel 16 and GlnlSl in blue, the side chains of Lys65 and Arg72 in yellow and 
the main chain of residues 1 13 and 1 14 (which belong to the blue and yellow 
sets) in purple. 
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also form an intramolecular H-bond with the pro-S p oxygen of 
the p phosphate, (ii) The convex face of the triphosphate 
moiety is coordinated by the side chains of K65 (with the 
a phosphate) and R72 (with the y phosphate) (Figure 7, in 
yellow), and the main-chain of residues 113 and 1 14 (Figure 7, 
purple), (iii) On the concave face, a non-bridging oxygen from 
each of the phosphate interacts with one Mg 24 " ion, while the a 
phosphate also interacts with the other Mg ion (Figure 7, in 
yellow) (3). Our data, together with previous studies, suggest 
that one of the interaction sets can be perturbed without drastic 
effects: (i) wt RT efficiently incorporates 2\3'-dideoxynuc- 
leotides (ddNTP, including NRTIs) (41), (ii) mutation K65R 
has minimal effects on the incorporation of natural dNTPs (42) 
and (iii) RT is active at very low Mg 2+ concentration (our 
results). However, simultaneously perturbing two interaction 
networks dramatically reduces activity: ddNTPs are not effi- 
ciently incorporated by K65R RT, which is thus resistant to 
several NRTIs (42), or by wt RT at low free Mg 2+ concentration 
(our results). It seems that this activity decrease is due to a 
perturbation of the ddNTP conformation that affects the 
catalytic step, rather than reduced ddNTP binding (42). 

Primer unblocking by AZT-resistant RT 

Resistance to NRTIs involves two main mechanisms: 
increased discrimination against the inhibitor and primer 
unblocking by excision of the NRT1 after its incorporation 
in the growing DNA chain (20). Excision is the main resist- 
ance mechanism against AZT and can also concern most other 
NRTIs, depending of the resistance mutations that are selected 
during viral replication (20). Prolonged treatments with AZT 
select for resistance mutations that allow excision of the incor- 
porated AZTMP by using ATP as a pyrophosphate donor (20). 
To study the impact of the free Mg 2+ concentration on the 
excision reaction, we compared the inhibition of ssDNA syn- 
thesis by AZTTP using either wt or an AZT-resistant RT 
bearing mutations D67N, K70R, T2I5F and K219Q at con- 
stant ATP (3.5 mM) and varying MgCl 2 concentrations 
(Figure 6). In the presence of 4 yM AZTTP, wt RT extended 
3.2 and 9.5% of the primer into ssDNA at 6 and 2 mM MgCl 2 , 
respectively, while ssDNA amounted to 6.4 and 18.9% at 6 
and 2 mM MgCl 2 , respectively, with AZT-resistant RT 
(Figure 6A). 

As shown by PAGE, the intensity of the bands correspond- 
ing to AZTMP-terminated products did not vary over time 
with wt RT, while the intensity of some of these bands 
decreased at increasing reaction times with AZT-resistant 
RT, thus confirming that resistant RT, unlike wt RT, excised 
AZTMP at some specific positions (Figure 6A). Quantification 
of the time-course evolution of six representative AZT- 
terminated products showed that the excision efficiency 
greatly varied from one AZT incorporation site to the other 
(Figure 6B): it varied from ^5 to >60% unblocking after 1 h. 
However, this process was always more efficient at 2 mM than 
at 6 mM MgCl 2 (Figure 6B). This was unexpected since, 
in vivo, the excision mechanism most likely requires 
binding of ATP, or more precisely Mg(II)ATP, into the RT 
polymerase active site (43,44). 

In the case of AZTTP incorporation sites 3-6, we were able 
to show that the AZTMP excision followed first order kinetics 
and to determine the excision rate constants. The AZTMP 



excision rate constant increased by 1.42 (site 5) to 4.15 
(site 6) fold as the MgCl 2 concentration decreased from 6 
to 2 mM (data not shown). Thus, the influence of the 
MgCl 2 concentration on AZTMP excision is position depend- 
ent, suggesting a sequence-dependent or structure-dependent 
effect. Interestingly, NRTI excision was recently shown to be 
enhanced when the RNase H activity is diminished (45). It was 
proposed that after RNase H cleavage, the DNA growing 
strand dissociates from the template, thereby preventing 
AZTMP excision. In our case, increased excision might be 
the result of decreased RNase H activity at low free Mg 2+ 
concentration, as observed in Figure 4C, which would provide 
more time for the ATP-lysis to take place before DNA disso- 
ciates from the degraded RNA template. Thus, reduced accu- 
mulation of dead-end products and enhanced AZTMP excision 
during ssDNA synthesis at low Mg 2+ concentration probably 
have the same origin. 

Concluding remarks 

The Mg 2+ concentrations in human lymphocytes (16), blood 
(15) and the brain (14) are much lower than those usually used 
in in vitro RT studies. Lymphocytes are one of the main HIV- 1 
targets, and reverse transcription already starts in biological 
fluids, inside the viral particles (46). In addition, HIV- 1 often 
infects the brain (47). Therefore, it was important to evaluate 
the influence of the Mg" + concentration on reverse transcrip- 
tion. Here, we systematically studied the effects of the Mg 
concentration on the polymerase and RNase H activities of 
HIV-1 RT on synthetic and natural RNA templates, on the 
inhibition of reverse transcription by NRTIs, and on resistance 
to these drugs by primer unblocking. In order to mimic the 
cellular situation as closely as possible, we not only varied the 
MgCl 2 concentration, but also included a physiological ATP 
concentration in some of our experiments. Indeed, ATP and 
other cellular magnesium binders (NTP, dNTP, DNA, RNA) 
likely compete with RT for Mg 2 * ions in vivo. 

Our study demonstrated multiple influences of the free 
Mg 2+ ion concentration on reverse transcription of a natural 
RNA template, its inhibition by NRTIs and excision of AZT- 
MP after its incorporation in the DNA strand. The effects on 
the efficiency of reverse transcription and on resistance to AZT 
are most likely indirect and result from the influence of the free 
Mg 2+ ion concentration on the RNase H activity, which is itself 
indirectly due to the influence of Mg 24 " ions on the RNA 
structure. On the contrary, the Mg 2+ concentration directly 
affects the discrimination between natural dNTPs and 
NRTIs. Thus, our study indicates that the free Mg 2+ concen- 
tration is a crucial parameter to take into account when study- 
ing reverse transcription, its inhibition by NRTIs, or the 
resistance mechanisms. It also stresses the importance of mim- 
icking the natural situation as closely as possible, since the 
influence of the MgCl 2 and ATP concentrations on ssDNA 
synthesis could not be anticipated from their effects on poly- 
merase and RNase H activities in model systems. Of course, 
the conditions prevailing during reverse transcription in vivo 
are more complex than those we used in this study, and 
the efficiency of reverse transcription, its inhibition by 
NRTIs and resistance to this inhibition might be affected 
by cellular and/or viral proteins involved in the reverse 
transcription complex. 
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Finally, the intracellular free Mg 2+ concentration might vary 
considerably between different cell types or during the cell 
cycle, as a result of variations in the NTP and messenger RNA 
pools, for instance. These fluctuations might strongly affect 
H1V-1 replication and its inhibition, and might play a role in 
the establishment of HTVM reservoirs. 
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